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It has long been thought that CTL lyse cells by a calcium-dependent mechanism
(1-3). Calcium is not required at the initial stage of CTL-target conjugation but
is thought to be absolutely necessary for subsequent delivery of the lethal hit,
during which stage the target cell is "programmed" for cell death. These initial
observations were corroborated by recent studies suggesting a role for CTL
granules in mediating target membrane damage (4-6). A granule pore-forming
protein (PFP, perforin, or cytolysin) was postulated to be deposited on the target
cell surface by exocytotic degranulation and to assemble into functional channels,
a process known to require Ca". In other studies, the contact between the CTL
and target cell has recently been shown to elicit an abrupt rise in cytosolic calcium
levels within the CTL (7-9), and within the target cell immediately before lysis
(9). Moreover, engagement of the T cell antigen receptor complex is known to
be accompanied by increases in cytoplasmic-free calcium levels in T cells, includ-
ing CTLs (reviewed in reference 10). Finally, calcium is also thought to be
required for the reorientation of certain cytoskeletal elements of CTL towards
the target after CTL-target conjugation (11). Together, these studies have
implied that both the signaling and the effector mechanisms of CTLs are all
strictly calcium-dependent.
Here, we have reexamined the cytotoxic properties of a number of murine
CTL lines (CTLL). We report that CTLL cultured in vitro are capable of lysing
cells in a calcium- and PFP/perforin-independent manner.
Materials and Methods
BriefDefinitive Report
Cell Lines and Subcellular Fractionation.
￿
The origin, phenotype, and maintenance of
CTLL AB.2, KB1.24, 83.4, L3, A2, Al 1, and R8 were described in detail elsewhere (12,
13). CTLL-1 was obtained from Dr. K. A. Smith, Dartmouth Medical School, Hanover,
NH. YAC-1, P815, EL-4, and WEHI-164 cellswere maintained in RPMI 1640/FCS (13).
Fractionation of cellsand protein and enzyme microassays were done exactly as described
(12). Proteoglycans were assayed using dimethylene blue (14).
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TABLE I
Efficiency of Target-Cell Lysis Mediated by CTLL in thePresence and
Absence ofExtracellular Calcium
Results and Discussion
Effector andtarget cells were mixed together at'the given ratios andincubated for
3 h, either in medium containing 1 MM C2Clp (with calcium) or in the absence of
calcium and with 2 mM EGTA (without calcium). Spontaneous release values were
<10% and were subtracted from the final readings. Data represent averages of
triplicates.
Cytotoxicity Assays. Cytotoxicity against targets was quantitated in 4-h "Cr-release
assays (13). Ca2'-free, RPMI 1640 containing 1 or 2 mM EGTA was used when the effect
of Ca2' depletion was tested. This medium was supplemented with 5% FCS that was
previously dialyzed extensively against PBS. For Figs. 2 and 3, the MTT dye reduction
microassay (15) was performed exactly as described (14). Percoll was removed from
fractions by high-speed centrifugation before use (14). To deplete fractions of per£orin
activity, these were extracted twice with diethyl ether (14). The samples were resuspended
to original volumes with PBS. 6 x 10' targets/200 jl/well were tested in triplicates with
cytotoxic reagents added in volumes <_20 Al/well. Plates were incubated for different
intervals before addition of MTT (14), followed by additional incubation for 30 min.
Plates containing nonadherent cells (YAC-1) were centrifuged (200 g, 10 min) before
aspiration of MTT supernatant.
Planar BilayerSystem.
￿
Bilayers were formed from soybean lipids (16). The membrane
bathing buffer consisted of 0.1 M NaCI, 1 mM CaC12, 3 mM NaN3, and 5 mM Pipes, pH
7. PFP channels were incorporated into bilayers through addition of PFP into the aqueous
phase.
All eight CTLL tested lysed their respective targets to a variable extent in the
absence of any extracellular calcium, with lytic efficiencies ranging from 25 to
150% when compared with the extent of lysis obtained in the presence ofcalcium
(Table 1). The time course of lysis was also comparable to that observed in the
presence of 1 mM Ca21 in the medium (Fig. 1). Since assembly of PFP is thought
to be Ca2'-dependent, we analyzed each of these CTLL for PFP content. CTL
were grown to at least 108 cells and their subcellular fractions were obtained by
Percoll gradient centrifugation and assessed by using various granule markers.
Effector CTLL Target cell Calcium
Netpercent "Cr
E/Tratio
5:1
release at
of:
1:1
R8 YAC-1 + 99 85
- 97 88
P815 + 98 90
- 99 85
A2 P815 + 91 73
- 98 63
All P815 + 85 53
- 99 75
AB.2 EL-4 + 90 81
- 93 73
83.4 P815 + 71 45
- 17 9
L3 P815 + 67 39
- 39 21
1 P815 + 49 27
- 18 11
KBL24 EL-4 + 71 37
- 65 31d a
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FIGURE 1 .
￿
Lysis of target cellsby CTL in the
absence of calcium: CTLL A11 (b anti-d)
against P815 (H-2
d) (O, 0) and CTLL AB.2 (d
anti-b) against EL-4 (H-2
b)
(A, A). "Cr-release
assays were performed in medium containing 1
mM CaCl2 (0, A), or were done in the absence
of Ca" (medium containing 2 mM EGTA)(Q,
p). (A) 3-h assays were done in triplicates. (B)
Time-course ofkilling, with incubation periods
as indicated. Spontaneous release values for
P815 andEL-4 targets were <10% in all assays
done within 4 h of incubation and ranged 8-
17% in assays done at the 8-h point.
D
FIGURE 2. Subcellular fractionation of CTLL R8 (A-C) and CTLL AB.2 (D-F). Percoll
fractions were collected from top (loft to right). Hemolytic and serine esterase activities and
proteoglycan were used as granule markers. Cytotoxicity of Percoll fractions to YAC-1 (C)
andWEHI-164 (F)cellswasassayed by MTTreduction assay (see Materialsand Methods). An
incubation time of 12 h was used. Spontaneous cytotoxicity measured in response to added
control PBS was subtracted from each point. Calcium conditions for C and F are exactly the
same as those of Fig. 1.
Granules ofall CTLL were enriched for proteoglycan, serine esterase, and acid
phosphatase (small peak), and in the case of CTLL R8 (Fig. 2, A-C), A2, A11,
and L3, for hemolytic activity . Granulemarkers wereassociatedwith two separate
peaks of the Percoll gradient: one at the bottom of the gradient and the other
one on top, possibly corresponding to material that did not migrate into the
gradient. The relative distribution ofgranule markers between these two peaks
varied in each experiment. The dense, lytic fractions represented granule pop-
ulations, as ascertained by ultrastructural analysis of four cell lines (CTLL R8,
A11, 83.4, and 1; micrographs not shown). It appeared that at least part of the
top fractions could have been derived from limited granule breakdown duringYOUNG ET AL.
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FIGURE 3.
￿
(A) Time-course of killing me-
￿
100~ A
diated by granule fractions from CTLL
AB.2. Granule fractions from 2 X 10` cell
equivalents that had previously been de-
pleted ofperforin-activity(see Materialsand
Methods) were added to each well in tripli-
cates. The MTT assay was used. (0) 1 mM
CaC12 in the medium; (O) 0 CaCl2, I mM
EGTA. In the absence of calcium, sponta-
neouscytotoxicity was23%by 15 h, 17% at
the 12-h point, and <10% at time points
before 10 h. Spontaneous cytotoxicity was
<5% when 1 mM CaC12 was presentin the
medium. (B) Granule fractions from CTLL
R8 (O, ") and CTLL AB.2 (p, A) were
incubated with WEHI-164 targets for 15 h,
￿
5
￿
b
￿
15
in the presence of 1 mM CaCl2 in the me-
￿
rime
￿
akirs
dium. Granules were obtained after pelleting Percoll and used directly (O, A) or after depletion of
perforin activity (0, A). 1 ul of granules corresponded to material from 106 cells. Data points
representaverages of triplicates.
nitrogen cavitation of cells. In those CTLL (AB.2, KB1 .24, 83 .4, and 1) lacking
hemolytic activity, serine esterase and proteoglycan were, however, abundantly
present in the cells, as shown in Fig. 2, D-F, for CTLL AB.2. Subcellular
fractions from these CTLL that were frozen and thawed 3X and extracted with
a high-phosphate buffer, which would have ruptured granules, remained non-
hemolytic. The lack of pore-forming activity in these CTLL was further ascer-
tained by testing subcellular fractions in planar lipid bilayers that would have
allowed us to detect 0.1-0.5 pmol of PFP (data not shown).
These results made it unlikely that PFP could have been involved in the
cytolysis mediated by at least some CTLL . Notably, subcellular fractions derived
from all eight CTLL, including those lacking PFP, were cytolytic to tumor
targets. Fig. 2 illustrates that regardless of whether or not PFP was present in
the CTLL, dense granule fractions were highly cytotoxic to nucleated targets. A
second peak of lytic activity was associated with light Percoll fractions. These
results imply that a PFP-independent mechanism could be involved in the killing
of tumor targets. This notion was strengthened by the finding that subcellular
fractions tested in the absence of calcium remained cytotoxic (Fig. 2). In addition
to lysing YAC-I cells (Fig. 2C), for example, subcellular fractions from CTLL-
R8 lysed P815, WEHI-164, and EL-4 cells in the absence of calcium (data not
shown).
The time course ofkilling mediated by calcium-independent cytotoxic factor(s)
partially enriched in granule fractions was relatively slow, as shown in Fig. 3. In
contrast to PFP, which lyses targets within minutes in the presence of calcium
(4-6), subcellular fractions of CTLLrequired hours to lyse targets in the absence
of calcium, and up to 15-18 h for lysis to be completed (Fig. 3A, shown here
only for CTLL AB.2). Notably, granules obtained from CTLL AB.2 (PFP-) also
required several hours to lyse targets, even in the presence ofmillimolar amounts
of calcium (Fig. 3A). Granules of CTLL R8 and AB.2 clearly lysed WEHI-164
cells in a dose-dependent manner in the presence or absence of calcium (Fig.
3 B). In the presence of calcium, granule material from 104 R8 cell and 106 AB.21898￿
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cell equivalents were capable of lysing 3 x 10' cells in a 200-Al volume after a
10-h incubation . Depletion of calcium significantly reduced the lytic efficiency
of CTLL R8 granules (perforin-positive), but not of CTLL AB.2 granules
(perforin-negative), when compared on an equivalent granule protein basis.
These results suggest that the calcium-dependent and -independent pathways
may both contribute to target cell lysis mediated by CTLL that contain PFP. At
this time, we cannot explain the apparent discrepancy observed between the slow
kinetics of killing mediated by subcellular fractions and the much faster killing
time course seen with intact effector CTL. It is possible that other unidentified
factors may be involved that could result in the rapid delivery of the lethal hit
only in a whole cell context.
Our results suggest that in addition to PFP, IL-2-driven murine CTLL also
contain other effector mechanisms of killing that are not restricted by calcium
requirements. A Ca"-independent pathway appears to be present in all CTLL
tested here. In marked contrast, the Ca"-dependent pathway involving perforin
is present only in some but notall murine CTLL. Whether the Ca"-independent
lytic pathway is expressed against all targets or is restricted to a selected panel of
tumor cells remains to be tested. Tirosh and Berke (17) have suggested earlier
that calcium requirements are dictated solely by the targets and not by the
effector CTL being tested. It is not clear whether the Ca"-independent pathway
involves only one mediator, or perhaps multiple mediators that may be differ-
entially distributed between the granules and the cytosol of CTL. Initial studies
(14) indicate that one such lytic factor found in all murine CTLL tested so far is
antigenically related but not identical to tumor necrosis factor/cachectin, a
cytokine that has been associated in thepast with monocyte-mediated cytotoxicity
(18, 19). Taken together, these results suggest that killing by CTL may involve
a combination of multiple mechanisms and/or mediators that appear not to be
mutually exclusive.
Summary
Cytotoxic T lymphocytes have been thought to lyse cellular targets in the past
by a calcium-dependent pathway. This notion was recently supported by the
identification and purification of a pore-forming protein (perforin) from the
granules of these cell types. Here, we show that perforin is absent from a number
of cell lines that nevertheless display vigorous cytolytic activity toward target
cells. The cytotoxic activity of eight murine CTL lines is completely or partially
retained in the absence of calcium. The calcium-independent lytic activity is
associated with two subcellular fraction peaks isolated by Percoll gradient centri-
fugation, e.g., a heavy density band migrating with granule markers and a lighter
band corresponding to free cytosolic material. These results suggest a complex
picture of lymphocyte-mediated killing involving probably multiple mechanisms
and mediators that may operate in concert or independently in the delivery of
the lethal hit.
We thank A. Blakely, L. G. Leong, A. Damiano, and G. Butler for excellent technical
assistance. We also wish to acknowledge initial collaborative studies done with D. Cam-
panelli and Dr. C. F. Nathan .
Receivedfor publication 16 September 1987.YOUNG ET AL.
￿
BRIEF DEFINITIVE REPORT
￿
1899
References
1 . Golstein, P., and E. T. Smith. 1976. The lethal hit stage of mouse T and non-T cell-
mediated cytolysis: differences in cation requirements and characterization of an
analytical "cation pulse" method. Eur. J. Immunol. 6:31 .
2 . Martz, E., W. L. Parker, M. K. Gately, and C. D. Tsoukas. 1982 . The role ofcalcium
in the lethal hit of T lymphocyte-mediated cytolysis. Adv. Exp. Med. Biol. 146:121 .
3 . Berke, G. 1980. Interaction ofcytotoxic T lymphocytes and target cells. Prog. Allergy.
27:69.
4. Henkart, P. A. 1985. Mechanism of lymphocyte-mediated cytotoxicity. Annu. Rev.
Immunol. 3:31 .
5. Podack, E. R. 1985. Molecular mechanism of lymphocyte-mediated tumor cell lysis.
Immunol. Today. 6:21 .
6. Young, J. D.-E., and Z. A. Cohn. 1987. Cellular and humoral mechanisms of
cytotoxicity: structural and functional analogies. Adv. Immunol. 41 :269.
7. Gray, L. S., J. R. Gnarra, and V. H. Engelhard. 1987 . Demonstration of a calcium
influx in cytolytic T lymphocytes in response to target cell binding. J. Immunol.
138:63.
8. Treves, S., F. Di Virgilio, V. Cerundolo, P. Zanovello, D. Collavo, and T. Pozzan.
Calcium and inositolphosphates in the activation of T cell-mediated cytotoxicity.
1987) Exp. Med. 166:33.
9. Poenie, M., R . Y. Tsien, and A.-M. Schmitt-Verhulst. 1987. Sequential activation
and lethal hit measured by [Ca"]; in individual cytolytic T cells and targets. EMBO
(Eur. Mol. Biol. Organ.)J. 6:2223.
10. Marrack, P., and J. Kappler. 1986. The antigen-specific, major histocompatibility
complex-restricted receptor on T cells. Adv. Immunol. 38:1 .
11 . Kupfer, A ., G. Dennert, and S. J. Singer. 1985. The reorientation of the Golgi
apparatus and the microtubule-organizing center in the cytotoxic effector is a pre-
requisite in the lysis of bound target cells. J. Mol. Cell. Immunol. 2:37.
12. Young, J. D.-E., L. G. Leong, C.-C. Liu, A. Damiano, D. A. Wall, and Z. A. Cohn.
1986. Isolation and characterization ofa serine esterase from cytolytic T cell granules.
Cell. 47:183.
13. Blakely, A., K. Gorman, H. Ostergaard, K. Svoboda, C.-C. Liu, J. D.-E. Young, and
W. R. Clark. 1987 . Resistance of cloned cytotoxic T lymphocytes to cell-mediated
cytotoxicity.J. Exp. Med. 166:1070 .
14. Liu, C.-C., M. Steffen, F. King, and J. D.-E. Young. 1987. Identification, isolation
and characterization of a novel cytotoxin in murine cytolytic lymphocytes. Cell.
51 :393.
15. Green, L. M., J. L. Reade, and C. F. Ware. 1984. Rapid colorimetric assay for cell
viability: application to the quantitation of cytotoxic and growth inhibitory lympho-
kines. J. Immunol. Methods. 70:257.
16. Montal, M ., and P. Mueller. 1972. Formation of bimolecular membranes from lipid
monolayers and a study of their electrical properties. Proc. Natl. Acad. Sci. USA.
69:3561 .
17. Tirosh, R., and G. Berke. 1985. T-lymphocyte-mediated cytolysis as an excitatory
process of the target. Cell. Immunol. 95:113.
18. Old, L. J. 1985. Tumor necrosis factor (TNF). Science (Wash. DC). 230:630.
19. Beutler, B., and A. Cerami. 1985. Cachectin and tumor necrosis factor as two sides
of the same biological coin. Nature (Lond.). 320:584.